Electrophoretic deposition (EPD) of TiO 2 thin film was carried out at room temperature on low cost steel substrate using microwave synthesized nanoparticles (NPs) of TiO 2 . Synthesized NPs and EPD thin film were characterized at different stages of synthesis for its crystal structure, morphology, elemental analysis, and surface area. Spherical particle morphology and formation of TiO 2 were confirmed by scanning electron micrograph (SEM), energy dispersive spectrometer (EDS), and X-ray diffraction (XRD). Synthesized NPs were formed in anatase phase having crystallite size of about 12.3 nm from Scherrer's formula using full width half maxima (FWHM). Surface area was found to be 43.52 m 2 /g by BET giving particle size of 33 nm. Photocatalytic (PC) behavior of TiO 2 NPs and EPD TiO 2 film on steel substrate was investigated under UV light for two commercial dyes and their photocatalysis efficiency was analyzed. NPs have shown better efficiency for methylene blue (MB) dye than EPD film whereas EPD film have shown higher PC activity for methyl red (MR) dye.
Introduction
TiO 2 is one of the transition metal oxides, having excellent optical, electrical, PC properties [1, 2] . It is optically transparent, nontoxic, wide band gap, and sensitive to UVradiations. Apart from high photoactivity, TiO 2 is biologically and chemically inert, abundantly available, and cheap. TiO 2 , being very reactive with both light and water, exhibits exceptional resistance to corrosion and photocorrosion in aqueous environments. Therefore, TiO 2 in water exhibits stable properties over a prolonged period of time. Other than PC activity, TiO 2 finds applications in the fields of gas sensors, supercapacitors, cosmetics, and solar cells [3, 4] . Because of its strong UV light absorbance, TiO 2 is applied as a sunscreen blocker. The applications of TiO 2 also include self-cleaning coatings, hydrophilic coatings, and antifogging coatings. Under normal atmospheric conditions and UV-Vis light, organisms that are virulent and hard to be decomposed can be thoroughly oxidized to molecules, such as H 2 O and CO 2 by using anatase TiO 2 under UV irradiation. PC reaction in the presence of TiO 2 consists of a free radical reaction initiated by absorption of the photon with energy equal to or greater than the band gap of TiO 2 . Charge separation, leading to enhanced concentration of electron and holes at the surface, results in a substantial increase of the oxidation power of TiO 2 when immersed in water. Anatase TiO 2 is the most widely explored material for PC applications due to its wide band gap, for example, 3.03 eV for rutile and 3.18 eV for anatase [2] . An enormous research effort has been made to study the PC properties and applications of TiO 2 under light illumination. In particular, for the purification of water from contaminants, TiO 2 is able to photocatalyze many organic substances under UV irradiation. The organic pollutants are serious health problem which are discharged in the environment by industries and houses. Before discharging these harmful organic pollutants these must be degraded or destroyed [5] . In this study an attempt has been made to develop and implement an efficient and cost effective scheme for the purification and disinfection of water from organic dyes.
ISRN Nanotechnology
In literature, several methods such as sol-gel [6] , organometallic [7] , and hydrothermal [8] have been reported for the synthesis of TiO 2 NPs whereas CVD [9] , spray pyrolysis [10] , and magnetron sputtering [11] have been used for TiO 2 thin film growth. Microwave synthesis is the novel route of synthesis of TiO 2 NPs which is clean, cost-effective, energy efficient, ecofriendly, rapid, and convenient method of heating and results in higher yields in shorter reaction times [12] . Recently, Pan et al. [13] has reported that microwave synthesized catalysts show improved PC activity compared with one synthesized via traditional methods.
To avoid the use of powder, which is to be separated from the water in a slurry system after PC reaction [14, 15] , thin film coating of TiO 2 can be thought of as a good substitute. Baran et al. [16] has proposed thin film coating of TiO 2 and has indicated that thin films can be upgraded to large volume of textile wastes of low concentration. The efficiency may depend on the ability of the degraded compound to be adsorbed on the surface of the catalyst [17] . It is well known that the PC activity of TiO 2 thin films strongly depends on the preparing methods and post-treatment conditions, since they have a decisive influence on the chemical and physical properties of TiO 2 thin films.
EPD is one of the efficient techniques being developed for processing of ceramics, thin film coatings, and composite materials from colloidal suspensions on metallic substrates. Compared with other processing methods, EPD offers advantages of low cost, process simplicity, uniformity of deposition, control of deposit thickness, microstructural homogeneity, and deposition on complex shaped substrates, including the potential to infiltrate porous substrates. EPD allows flexibility to choose conducting substrates of any shape and any size and can be extended to large scale for industrial applications [17] . Low temperature deposition of TiO 2 film using EPD overcomes two main problems such as incomplete necking of the particles and presence of residual organics in the film. These problems lower the diffusion coefficient and decrease the lifetime of the electrons. EPD technique [18] enables the production of unique microstructures and nanostructures as well as complex material combinations in a variety of macroscopic shapes.
There is increasing interest in improving the PC activity of anatase TiO 2 . Various techniques such as the methods of improving the crystal phase, morphology, porosity, surface area, loading, and calcinations temperature [19] [20] [21] [22] . Optimum degradation has been achieved at PC loading of 0.4-1.5 g/L for different dyes and for calcinations temperatures in the range of 500 ∘ C-700 ∘ C [23] . In view of the above mentioned and in order to minimize requirement of TiO 2 loading and increase surface area, TiO 2 electrodes had been reported by coating the surfaces of costly electrically conducting substrates such as quartz and indium tin oxide (ITO), with TiO 2 [15, 24, 25] . In the present work, we have synthesized TiO 2 NPs by novel microwave assisted method for EPD of TiO 2 . Good quality, porous TiO 2 thin films were deposited on low cost steel substrate. Synthesized NPs and EPD film were investigated for their PC activity using MB and MR dyes after air annealing of samples at 500 ∘ C temperature.
Materials and Methods

Materials. Titanium (IV) butoxide reagent grade 97%
Ti[O(CH 2 ) 3 CH 3 ] 4 (Sigma-Aldrich), n-butyl alcohol for synthesis CH 3 (CH 2 ) 3 ⋅OH (LR) (Thomas Baker), deionized (DI) water 18.2 MΩ (Milipore), acetone (LR) (Qualigens fine chemicals), ethyl alcohol AR 99.9% (Changshu Yangyuan Chemicals), iodine LR (Thomas Baker), methylene blue (Aqueous) (Fisher Scientific), and methyl red (HPLC, Mumbai).
Microwave Synthesis.
Above chemicals are used as they are received without any further purification. 0.5 M titanium butoxide solution was prepared in 100 mL butanol and stirred for 15 minutes and further 30 mL deionized water was added drop wise in above solution to allow hydrolysis. This solution was stirred for 30 minutes; this gives rise to white precipitation; this white precipitate microwave irradiated for 5 minutes at 700 W power using RAGA'S microwave. This obtained solution was left 24 hours for aging at room temperature then it is centrifuged at 2000 rpm for 15 minutes. Obtained precipitate was dried at 80 ∘ C for 12 hours, after complete drying powder was annealed at 500 ∘ C for 2 hours to remove hydroxide impurities and to achieve recrystallization.
Electrophoretic Deposition (EPD) of TiO 2 Thin Film.
The synthesized TiO 2 NPs were used for EPD. EPD was carried out using two-electrode cell where steel substrate was working electrode and graphite was counter electrode. Steel substrate was washed with soap solution, ultrasonicated for 10 minutes in acetone, and again sonicated in DI water for 10 minutes. For EPD deposition electrolyte solution was prepared by adding 0.05 g TiO 2 synthesized NPs in 60 mL acetone. In this solution few drops of iodine were added to increase charging of TiO 2 NPs and sonicated for 10 minutes. The pH of the solution was maintained between 1 and 2 using diluted hydrochloric acid. EPD was carried out at room temperature by keeping distance between two electrodes at 1 cm under application of 30 V. EPD was cathodic since TiO 2 NPs are positively charged. Deposition time was optimized and results presented here for two minutes duration. Subsequently, coated film was rinsed with DI water and dried at room temperature, and finally it was annealed at 500 ∘ C in air for 2 hours.
Characterization.
The prepared samples were characterized at different stages of synthesis and EPD. XRD patterns were obtained using Philips XL-30 and Xpert PRO Panalytical Powder XRD in the scanning range of 20-60 ∘ (2 ) using Cu K radiations with wavelength of 1.54Å. SEM was performed using JOEL ASM 6360A. Measurement of BET surface area was carried out for nitrogen adsorption using a Micrmeritrics Ins., USA. Optical absorption spectra (UV-Visible) were obtained using Ocean Optics UV-Visible spectrometer in the absorption mode in the wavelength range of 200-1000 nm.
Photocatalytic (PC) Activity. Microwave synthesized TiO 2
NPs and EPD films deposited on steel (both air annealed) were used to study photodegradation of MB of high concentration and MR of low concentration in DI water. Photodegradation investigations were carried using 0.005 g TiO 2 NPs and EPD thin film of dimension 1.5 × 1.5 cm 2 in 200 L/L for MB and 10 mL/L for MR dye solutions. Dye solutions were stirred for 10 minutes in dark for equilibrium of adsorption and desorption process of dye with TiO 2 surface. After stirring, the solution was irradiated by UV lamp (Blue Wave 50 AS, Model 39370 Universal, DYMAX Corporation) medium intensity spot lamp, wavelength range 200-600 nm, and nominal intensity of 1000-2000 mW/cm 2 . Concentrations of dye solutions were recorded at the beginning and after irradiation of UV light using Ocean optics UV-Visible spectrometer. From prepared dye solutions of MB and MR, 20 mL and 100 mL solutions were used to analyze photodegradation behavior of EPD TiO 2 film and NPs, respectively, and 5 mL of analytical samples was withdrawn by means of a syringe from the reaction suspensions at predefined times after irradiation. All the PC experiments were performed at room temperature in the dark.
Results and Discussion
3.1. Microwave Synthesis. TiO 2 NPs were synthesized by novel microwave assisted method with titanium butoxide as starting material. Titanium butoxide precursor has more reactivity compared to other precursors because of variable oxidation capability. Titanium (IV) butoxide reacts with DI water leading to hydrolysis and condensation. In case of titanium ion precursors, the presence of vacant d orbital can increase the coordination number from 4 to 6. Reaction kinetics is given below:
During the precipitation primary particles nucleate initially and these primary particles aggregate to form secondary particles which results in spherical aggregates of nanosized crystalline titania. After microwave irradiation and air annealing, formation of crystalline titanium oxide takes place.
Electrophoretic Deposition (EPD) of TiO 2 Thin Film.
Koura et al. [26] have analyzed the process of EPD using electrification mechanism of an oxide particle in a bath which can be explained using the following equations: 
X-Ray Diffraction (XRD).
To confirm the formation of TiO 2 , XRD patterns of the TiO 2 NPs, before and after annealing, and of EPD TiO 2 film has been recorded and shown in Figure 1 . The diffraction pattern shows that TiO 2 NPs have been crystallized in anatase phase after annealing and highly oriented along (110) plane (JCPDS file 84-1284). The sharpness of peaks shows that TiO 2 NPs are highly crystalline. After EPD additional two peaks at 43.76 ∘ and 50.88 ∘ have been observed which can be attributed to the steel substrate.
The crystallite size of TiO 2 is calculated using Scherrer's formula [27] :
where is wavelength of X ray, is full width and half maxima, and is Bragg's angle. Crystallite size was found to be about 12.3 nm from the most intensive peak of NPs XRD spectra.
Morphology and Elemental Analysis.
Morphology of TiO 2 NPs and EPD film was investigated using SEM and is shown in Figure 2 . TiO 2 NPs formed were spherical in shape and mostly of uniform size as can be seen from Figure 2(a) . The surface morphological characterization highlighted the importance of NPs preparation in maintaining the nanostructured phase. The particle growth after the nucleation of primary particles was affected by the solvents used during the microwave irradiation due to their dielectric constant and led to spherical shaped particles as can be seen from SEM (Figure 2(a) ). of TiO 2 . SEM shows the porous nature of film, suitable for absorption of dye through nanopores for improved catalytic activity.
Elemental analysis of TiO 2 NPs was done by using EDS and is shown in Figure 3 . The peaks of the spectra show the presence of titanium and oxygen elements. Quantitative analysis indicated that the atomic composition of Ti and O is in stoichiometric ratio.
Absorption Analysis.
The UV-Visible absorption spectrum of TiO 2 NPs, before and after microwave irradiation, and EPD TiO 2 film, as deposited and air annealed at 500 ∘ C, are shown in Figure 4 . UV-Vis absorption spectra clearly indicate crystallization of TiO 2 after microwave irradiations and air annealing at 500 ∘ C showing absorption peak at around 345 nm wavelength which is blue shifted in comparison to bulk TiO 2 . UV-Vis spectra of EPD thin film are also shown in the figures, that is, curves c and d. It is observed from the spectra that after air annealing absorbance peak of EPD film is red shifted which is due to increase in grain size.
3.6. BET Analysis. Surface area analysis was done by using BET surface analyzer; assuming NPs to be of spherical shape, particle size can be calculated from surface area values using following equation [28] :
where is the density of TiO 2 particles (taken as 4.23 g/cm 3 ) and S BET is the BET surface area. For powder sample heated at 500 ∘ C, the measured BET surface area has been found to be 43.52 m 2 /g, giving particle size of 33 nm from above equation (6) . electron (e − ) in the conduction band. The hole oxidizes either pollutant directly or water to produce OH • radicals, whereas the electron in the conduction band reduces the oxygen adsorbed on the catalyst. The activation of TiO 2 by UV light can be represented by the following steps:
In this reaction, h + and e − are powerful oxidizing and reductive agents, respectively. The oxidative and reductive reaction steps are expressed as follows:
OH − + MG → degradation compounds (11) Titanium dioxide (TiO 2 ) has both a high oxidation potential and a band gap that allows for absorption of the UV light. Both the reduction and oxidation sites are located on the TiO 2 surface, and the reduction of adsorbed oxygen molecules proceeds on the TiO 2 surface. Titanium dioxide forms highly oxidizing holes and photogenerated electrons resulting in powerful oxidizing and reductive agents hydroxyl radicals and superoxides.
The PC activities of synthesized TiO 2 NPs and EPD film were evaluated according to their photodegradation rates of MB dye, which is of high concentration, and MR dye, which is of low concentration in aqueous solution. The UV-Visible absorbance spectra of TiO 2 NPs and EPD TiO 2 film with UV light irradiation time for MB and MR dyes are shown in Figures 5 and 6 , respectively. From the plot it is observed that with the increase in irradiation time, concentration of dyes decreases which is shown by decrease in absorbance. The percentage efficiency of photo degradation of dyes (also known as decolourising ratio) using TiO 2 NPs and film was determined using following equation [29] :
where 0 and are the solution concentration before and after degradation. Figure 7 shows the percentage efficiency of photo degradation of MB and MR dyes with irradiation time for TiO 2 NPs and film. We observed that photodegradation efficiency increases with increasing irradiation time. The time courses of the photocatalytic degradation of NPs and film are 60 min and 120 min to achieve 50% degradation of MB dye, whereas for MR dye film has shown better efficiency. It was found that at 10 min, degradation reached 50% with film and correspondingly 15% with NPs. The apparent rate constant for degradation of dye was obtained by calculating the correlation between the length of time of visible-light irradiation and the decreasing ratio of dye, determined using following equation [30] :
The slope of this plot is the apparent rate constant for degradation of dye. The plot in ( 0 / ) with irradiation time for MB and MR dyes is shown in Figure 8 and the apparent rate constant for degradation of MB is 1.378 × 10 −2 and 0.558 × 10 −2 , respectively, for TiO 2 NPs and thin film and for degradation of MR dye is 1.761 × 10 −2 and 11.627 × 10 −2 , The PC properties of TiO 2 are also reported to depend on the reactivity of TiO 2 with water and its decomposition products, oxygen and hydrogen. These properties further depend on (a) effect of defect disorder on semiconducting properties, properties of the TiO 2 /H 2 O interface. Related concept has been outlined in the reference paper [31] .
Conclusions
Highly active porous crystalline anatase TiO 2 NPs were prepared by using microwave assisted method and TiO 2 thin film using cathodic EPD on steel substrate in acidic electrolyte solution. High dielectric constant of solvent led to strong interaction with microwave radiations to form spherical aggregates of nanosized crystalline titania. Deposited NPs and film are highly porous and of uniform size and thickness. Annealed TiO 2 NPs and EPD TiO 2 thin film have shown excellent PC degradation property for MB and MR dyes. NPs show better efficiency for MB dye than EPD film (50% degradation using NPs in 60 minutes compared to 120 minutes using film) whereas EPD film has shown higher PC activity for MR dye. This study points the way to the commercialization of PC through thin film for reusability.
